Cyclin-dependent kinase inhibitors are proteins with functions which appear to involve regulation of cell cycle traverse, and have been suggested to have a role in cell differentiation. However, there is as yet no rigorous proof that this is the case. We have addressed the participation of one of these inhibitors, p27
Introduction
Cell differentiation is accompanied by cell growth arrest, but the nature of the link between these is not understood. Most often, growth arrest in differentiating cells occurs in the late G1 phase, 1, 2 and in several cases has been shown to be accompanied by increased protein levels of a member of the two known families of cyclin-dependent kinase inhibitors, the 'INK' proteins, or the 'Cip/Waf'-related proteins. [3] [4] [5] [6] [7] [8] [9] [10] Since these proteins are known to bind to complexes of cyclins and cyclin-dependent kinases (Cdks) and inhibit kinase activity of these complexes, it is reasonable to assume that G1 arrest under unfavorable growth conditions, or in the presence of anti-proliferative cytokines, is mediated by one or more members of the cyclin-dependent kinase inhibitor (CDI) families of proteins. Indeed, several laboratories have demonstrated that in the differentiation system of human leukemia cells HL60 exposed to 1,25-dihydroxyvitamin D 3 (1,25D 3 ), p27
Kip1 protein levels are elevated, [11] [12] [13] and kinase activities of Cdk2 and Cdk6 are inhibited. 14 
Whether p27
Kip1 also participates in the induction of differentiation is more difficult to evaluate. A recent report suggested that in primary mouse keratinocytes induced to differentiate by placement into suspension culture induction of p27
Kip1 is linked to the differentiation program rather than to the growth arrest. 15 It seems unlikely, however, that this can be generalized to the 1,25D 3 -HL60 cell system, since in HL60 cells markers of monocytic differentiation become evident before the increased levels of p27 Kip1 or G1 arrest can be detected. 16 We have therefore analyzed the 1,25D 3 -HL60 system in greater detail, and found that reduction of the levels of p27 Kip1 by several independent approaches results in a reversal of the G1 block, but shows no apparent relationship with the expression of markers of differentiation.
Materials and methods

Cell culture
Human promyelocytic leukemia HL60-G cells were cloned from commercially available HL60-240 cells (ATCC, Rockville, MD, USA), and were grown in RPMI 1640 medium supplemented with 10% heat-inactivated bovine calf serum and 1% glutamine at 37°C in 5% CO 2 environment. Derivation of 1,25D 3 -resistant HL60 cell sublines (40AF, 100AF, 40B and 200B) was described previously. [17] [18] [19] The numeral designation of each subline represents the nanomolar concentration of 1,25D 3 in which the subline was maintained; for example, 40AF cells were maintained in 40 nm 1,25D 3 .
Antisense oligonucleotide transfection
HL60-G cells were transfected with a C-5 propyne-modified deoxyoligonucleotide as described. 20 The p27 Kip1 antisense oligonucleotide (ASO) sequence used in these experiments was 5′-UGG CUC UCC UGC GCC-3′ (target base pairs 306-320 of human p27
Kip1
) and the mismatch (MSM) sequence was 5′-UCC CUU UGG CGC GCC-3′. Briefly, the oligonucleotide (final concentration in culture 100 nm) was mixed with an equal volume of GS2888 cytofectin (Gilead Sciences, Foster City, CA, USA) to give a final concentration of 6 g/ml in serum-free DMEM medium, and incubated for 12 min in a 37°C incubator. The resulting solution was added to HL60-G cells in DMEM medium supplemented with 10% bovine calf serum and 1% glutamine. Forty-eight hours after addition of the oligonucleotide, the cultures were supplemented with stock oligonucleotide to increase its nominal concentration by 50 nm, and with 3 g/ml cytofectin. These transfection conditions were found to be optimal by titration of the cellular uptake of cytofectin/ASO using fluorescein isothiocyanatelabeled p27
Kip1 ASO (250 nm), followed by the determination of the percentage of fluorescein-labeled cells using ultraviolet fluorescence microscopy. Cell viability was monitored using trypan blue (0.4%) every 24 h.
Figure 1
Comparison of the steady state levels of p27 Kip1 protein in untreated and 1,25D 3 -treated sublines of HL60 cells. Parental HL60-G and 1,25D 3 -resistant HL60 sublines were treated with 4 × 10 −7 m 1,25D 3 (D) for 96 h (lanes 2, 4, 6, 8, 10) . In each treatment group untreated HL60-G (GC) or a subline growing in its indicated concentration of 1,25D 3 (eg 40AF-C) was used as control. Three independent experiments were performed with similar results. Ponceau S staining of total protein was used as control for loading.
Table 1
Cell cycle distribution in HL60 parental cells and 1,25D 3 -resistant sublines treated with 1,25D 3 (4 × 10 The means ± s.d. were derived from three independent experiments. DNA content distribution was determined as described in Materials and methods. 
Transient transfection
Cells were fed the day before transfection. Twenty micrograms of empty vector or of p27 Kip1 antisense cDNA plasmid was transfected into HL60-G cells by electroporation (0.3 KV, 500 F, 8 ms) using gene pulser (Bio-Rad Laboratories, Richmond, CA, USA). Twenty-four hours after electroporation half of the cells were treated with 1,25D 3 (10 −7 m) for 72 h, and the other half of the cells were used as control, and exposed to ethanol, the vehicle for 1,25D 3 .
Cell cycle analysis
Cellular DNA content was determined as described. 22 Briefly, 10 6 cells were washed twice in ice cold 1× phosphate-buff- Table 3 Quantitation of the effects of ASO on 1,25D 3 -induced G1 block in different treatment groups illustrated in Figure 6 ered saline (PBS) and fixed overnight in 80% aqueous ethanol at −20°C. The cells were then washed once with 1× PBS and incubated with 100 U/ml RNase (BMB, Indianapolis, IN, USA) at 37°C for 1 h. After washing with 1× PBS the cells were stained with propidium iodide (PI; 10 g/ml, Sigma Chemical, St Louis, MO, USA) for 2 h at 4°C, and the cellular DNA content distribution was determined using an Epic Profile II flow cytometer (Coulter Corporation, Hialeah, FL, USA). The raw data were analyzed using the Multicycle Software Program (Phoenix Flow System, San Diego, CA, USA). 
Assessment of monocytic differentiation
To determine the expression of monocytic differentiation markers 10 6 cells were stained with 0.5 l of anti-CD14 antibody (Mo1-FITC) and 0.5 l of anti-CD11b antibody (My4-RD1) at room temperature for 45 min. Two-parameter analysis was performed using the Epic Profile II flow cytometer. Differentiation was also assessed using non-specific esterase (NSE) staining. Cell smears were air-dried and fixed in formalin acetone solution for 30 s. After washing with distilled water, the slides were stained for 45 min at 37°C in a solution containing 8.9 ml of 6.7 mm phosphate buffer (pH 7.6), 0.6 ml of hexazotized pararosaniline, 1 mg/ml ␣-naphtyl acetate, and 0.5 ml ethylene glycol monomethyl ether. The percentages of NSEpositive cells were determined by counting 500 cells from five different microscopic fields.
Autoradiography
Three million cells were incubated with 0.5 Ci/ml 3 H-thymidine (specific activity 10 Ci (370 GBq)/mmole; Dupont, Wilmington, DE, USA) for 3 h in the 37°C incubator. Cells were then washed five times in cold 1× PBS buffer and smears were made. After fixing in Carnoy's solution the slides were dipped in Kodak emulsion NTB3 (Eastman Laboratory Research, 
Western blotting
The procedure of Western blotting has been described in detail. 11 Briefly, whole cell lysates were prepared from 30 × 10 6 cells using extraction buffer (20 mm Tris-HCl, 0.25 m sucrose, 1 mm phenylmethylsulfonyl fluoride, 2 mm EDTA, 10 mm EGTA, 10 g/ml leupeptin, and 10 g/ml aprotinin). The protein content was determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories). Thirty micrograms of protein aliquots were separated on a 13% SDS-PAGE gel, and transferred to a nitrocellulose membrane. Ponceau S staining was performed to verify that equal amounts of protein were present in each lane. The membrane was then sequentially blotted with a primary antibody and with an appropriate horseradish peroxidase-linked secondary antibody. The proteins were visualized using ECL detection kit (Amersham, Bethesda, MD, USA). Densitometry was conducted using Image analysis software (NIH Image, Bethesda, MD, USA). Mouse antihuman cyclin E antibody was purchased from Oncogene Science (Uniondale, NY, USA). Rabbit anti-human p27 Kip1 , rabbit anti-human Cdk2 and rabbit antihuman Cdk4 antibodies were purchased from Upstate Biotechnology (Lake Placid, NY, USA). Rabbit anti-human Cdk6 antibody was purchased from Pharmingen (San Diego, CA, USA).
Results
Long-term exposure attenuates the 1,25D 3 -induced elevation of p27
Kip1 protein levels When HL60 cells are first exposed to 1,25D 3 , upregulation of p27 Kip1 protein expression and a G1 phase block become apparent at approximately 48 h. 11 However, when HL60 cells are continuously cultured in the presence of 1,25D 3 they develop the ability to grow in the presence of increasing concentrations of 1,25D 3 . [17] [18] [19] Indeed, sublines of HL60 cells resistant to 1,25D 3 proliferate faster than the parental clone, designated HL60-G. 17, 23 It was therefore of interest to determine the levels of p27
Kip1 in the resistant sublines. We selected for this study sublines 40AF and 100AF, growing in 40 nm and 100 nm 1,25D 3 
Kip1 protein levels increased in HL60 cells in the presence of 1,25D 3 (lanes 1 and 2), but that this increase was attenuated on prolonged exposure to 1,25D 3 , when the cells recover the ability to proliferate and become resistant to 1,25D 3 (lanes 3-10). In contrast, p27
Kip1 levels increased only slightly and inconsistently in some sublines when the concentration of 1,25D 3 was raised from the ambient level (40-200 nm) to 400 nm. It was clear, however, that p27
Kip1 levels in resistant sublines were intermediate between those seen in the 96 h cultures of untreated parental cells (lane 1), which grew well, and the 1,25D 3 -treated parental cells (lanes 2), which did not grow, as shown previously. [17] [18] [19] These data, and additional studies of other cell cycle regulatory proteins, 23 indicate that a marked up-regulation of p27 Kip1 , with its subsequent attenuation upon resumption of cell growth, is characteristic of p27
Kip1 in HL60 cells treated with 1,25D 3 . Table 1 shows that while 96 or 168 h exposure to 1,25D 3 of the parental HL60-G cells induced a marked G1 to S phase (G1/S) block, only minor changes in these cell cycle compartments were noted in the resistant sublines. In contrast, the sublines differed with regard to the expression of surface markers CD14 and CD11b, adhesion molecules characteristic of the monocyte/macrophage phenotype. 24, 25 Consistent with previous reports, [17] [18] [19] all sublines were markedly resistant to CD11b-inducing effects of 1,25D 3 , but as illustrated in Figure  2 , and summarized in Table 2 , series A sublines were also resistant to the induction of CD14 marker, while 200 B cells expressed this surface molecule and yet were able to proliferate in medium containing 200 nm 1,25D 3 . Interestingly, p27
HL60 cells in long-term culture with 1,25D 3 display no cell cycle block but variable expression of differentiation markers
Kip1 levels were consistently lower in the 200 B cells than in the A series cells (Figure 1 ), suggesting that there is no correlation between p27
Kip1 protein levels and monocytic differentiation.
Anti-sense oligonucleotide to p27
Kip1 reduces the G1 to S phase block in 1,25D 3 
-treated HL60-G cells
To demonstrate directly that p27
Kip1 has a role in 1,25D 3 -induced G1 block in parental HL60 cells, we exposed 1,25D 3 treated cells to a 15-mer oligonucleotide that has previously been shown to relieve the G1 block in serum-starved 3T3 cells, 20 and in differentiating mouse keratinocytes. 15 The oligonucleotide was designed to target a conserved sequence of p27 Kip1 , 8 so it can be used in human cells. In preliminary experiments, we optimized the conditions for the maximal uptake of the ASO using fluorescein-coupled ASO. As shown in Figure 3 , approximately 90% of the HL60-G cells contained demonstrable ASO; however, the uptake showed variability with regard to both the intensity of fluorescence, indicative of the cellular concentration of ASO, and with regard to intracellular localization. In repeated attempts only approximately 30% of the cell nuclei were found to be fluorescent, but increasing the concentration of cytofectin or of ASO, or changing other variables, resulted in an unacceptable loss of viability (Ͻ80% trypan blue negativity).
The effectiveness of ASO action was monitored by immunoblot determination of p27 Kip1 levels; approximately 50% reduction in these levels was observed compared to cells treated with 1,25D 3 but not in which a mismatch (MSM) oligonucleotide replaced ASO (Figure 4a , top panel, and additional experiments summarized in top panel of Figure 4b ). For comparison, the same cell extracts were probed for several cyclins and Cdks associated with the G1 traverse. 26 No significant changes in the levels of these proteins were noted (Figure 4) , except for the previously reported down-regulation of Cdk4 and Cdk6 by 1,25D 3 . Cultures sampled for determinations of p27 Kip1 levels and other regulators of G1 phase were also subjected to cell cycle analysis by flow cytometry of propidium iodide (PI)-stained cells. Exposure to 1,25D 3 alone, or to 1,25D 3 and MSM, resulted in a marked G1 to S phase block ( Figure 5 ). However, addition of the ASO to this system completely alleviated the G1 block, although it only partially restored the S phase compartment, perhaps because a G2 block was also observed in these cells ( Figure 5 ). The reversal of G1 block by ASO was also demonstrated by enumerating in autoradiograms the proportion of nuclei incorporating 3 H-TdR. Consistent with the results of the flow cytometric cell cycle analysis, the 1,25D 3 -induced decrease in the proportion of S phase cells was attenuated by ASO but not by MSM ( Figure 6 ). Additional experiments, summarized in Table 3 , confirmed this finding. The S phase values obtained by autoradiography were higher than the values obtained by flow cytometry, probably because of the Table 3 .
Figure 7
Reversal of 1,25D 3 -induced G1 block by p27 Kip1 antisense cDNA. HL60-G cells transfected with empty vector or episomal plasmid containing p27
Kip1 antisense cDNA were treated with ethanol or 1,25D 3 (10 −7 m) for 72 h. DNA profiles were determined by PI staining. Kip1 protein levels were determined by Western blotting. Ponceau S staining on the same blot was used to demonstrate the equal amount of total protein present in each lane. Densitometry was done using Image analysis software.
Figure 9
Effects of p27 Kip1 antisense cDNA on 1,25D 3 -induced monocytic differentiation of HL60-G cells. Empty vector, or vector containing p27
Kip1 antisense cDNA, was transfected into HL60-G cells using electroporation. 1,25D 3 (10 −7 m) treatment was for 72 h. NSE staining demonstrates monocytic differentiation, indicated by solid arrows. Open arrows point out cells negative for NSE. inclusion of cells entering or exiting the S phase in the autoradiographic evaluation, but not in the flow cytometry analysis, since these cells have essentially G1 or G2 DNA content and are therefore included in the G1 and G2 peaks by multicycle analysis.
Effects of transient transfection with antisense p27
Kip1 -bearing expression vector Knock-out experiments with antisense oligonucleotides are subject to difficulties in interpretation. [27] [28] [29] We therefore performed similar experiments using an episomal expression vector system 21 with the entire coding sequence of p27
Kip1 inserted in the antisense orientation. Figure 7 shows that 72 h treatment with 1,25D 3 of empty vector-transfected HL60-G cells produced a G1 block which was not present in cells transfected with the antisense p27 Kip1 -expressing plasmid. As in the ASO experiment, there was an increase in cells in the late part of mitotic cycle, especially the G2 phase. These cell cycle changes were accompanied by the expected reduction in p27
Kip1 levels ( Figure 8 ). Thus, ASO and vector expression of antisense p27
Kip1 gave essentially the same results.
Anti-sense p27 Kip1 does not inhibit 1,25D 3 -induced differentiation
In contrast to the clear evidence of effect of ASO to p27 Kip1 on the 1,25D 3 -induced G1 block presented above, there was no diminution in the proportion of cells showing monocytic markers, or in the intensity of expression of these markers, when 1,25D 3 exposure was combined with ASO (Table 4) . Similarly, vector expression of antisense p27
Kip1 did not interfere with the progressive accumulation of differentiation markers CD14, CD11b (data not shown), and the monocyte specific cytoplasmic enzyme, NSE ( Figure 9 ).
Discussion
We demonstrate here that ASO to the CDI p27 Kip1 reverses the 1,25D 3 -induced G1 block but not the monocytic differentiation of HL60 cells. The effect on the G1 block is in keeping with the reports that p27
Kip1 is required for restriction point control in the G1 phase, 20 and for the maintenance of quiescence of murine fibroblasts in vitro, 30 but the relationship between p27
Kip1 and differentiation could not be addressed in the fibroblast system. In contrast, evidence was presented recently that in primary mouse keratinocytes p27
Kip1 induction is required for in vitro differentiation, but that p27
Kip1 ASO does not prevent growth arrest in this system. 15 Since the ASO and the mismatch control used to provide this evidence were identical to the oligos used in our study, and reduced levels of p27
Kip1 protein were demonstrated in both systems, this suggests that the role of p27
Kip1 in differentiation is strictly dependent on the cell context, as has been already pointed out for another cell cycle regulatory protein, cyclin E. 31 Species specificity may also be a factor here; in murine myeloid cells the CDI p19
INK4d has the ability to induce macrophage differentiation independently of G1 phase arrest. 32 In our study of human promyelocytic cells, MSM was used to control for non-specific effects of the oligonucleotides. It is well known that ASOs can have cytotoxic effects and can suppress cell growth through sequence-specific interactions with molecules other than nucleic acids, 27, 28 or by stepwise release of deoxyribonucleotides from their 3′ ends. 29 It is easy to imagine that such effects may contribute to growth arrest or to inhibition of differentiation, but we observed the opposite effects, unlikely to be artifactual. This was confirmed by the absence of cell cycle effects of the MSM oligonucleotide with an identical composition to p27 Kip1 ASO. Also, transient transfection with an expression vector-containing antisense p27 Kip1 gave the same results, validating both methods.
Other properties of the 1,25D 3 -HL60 cell system further support the conclusions reached in experiments in which antisense p27
Kip1 was used. This laboratory has previously reported that the initiation of monocytic differentiation precedes a detectable cell cycle block, 16 and antecedes the induction of p27 Kip1 , which correlates in time with the G1 block. 11 Thus, in this system, initiation of differentiation cannot be a consequence of either a G1 block or of an increase in p27
Kip1 levels, but it was possible to believe that the previously demonstrated continuation of the increase in the intensity of these markers 19 or the maintenance of the differentiated state does depend on the expression of p27 Kip1 , since the initiation of differentiation has been demonstrated in Sp1 knock-out mice to be separable from its maintenance. 33 The present experiments exclude this possibility, since the intensity of the expression of differentiation markers in antisense p27 Kip1 -treated cultures was the same as in control cultures (Table 4) .
The modest but consistent decrease in p27 Kip1 protein levels in the resistant sublines growing in the presence of 1,25D 3 , demonstrated in this report (Figure 1 ), appears to be related to the ability of these sublines to proliferate in the presence of 1,25D 3 . [17] [18] [19] 23 Expression of the markers of differentiation, on the other hand, showed little if any relationship to the levels of p27
Kip1 in the resistant sublines, consistent with the results with antisense p27 Kip on 1,25D 3 -sensitive parental HL60-G cells.
Our results contrast with the recent demonstration that expression of antisense p21
Waf1 in HL60 cells attenuated the differentiation response of these cells to the phorbol ester PMA. 34 While this finding supports the previous suggestion that p21
Waf1 has a role in monocytic differentiation, 12 it also points to fundamental differences between the actions of the two related CDIs, p27
Kip1 and p21
Waf1
. This is the first formal demonstration that p27
Kip1 participates in the mechanisms of 1,25D 3 -induced growth arrest.
